Abstract Two Kaldnes moving bed biofilm reactor (MBBR™) full scale treatment plants were commissioned in 1999, following successful pilot tests which generated the design data. The MBBR plants are incorporated into each facility as roughing reactors ahead of existing activated sludge processes. Results from the first three months of operation at the Phillips refinery showed surfa ce area loading rates (SALR) averaging 27 g COD/m 2 /day or twice those seen in the pilot study while percent removals remained constant at 62%. Performance at the Valley Pride Pack facility showed >90% removal of soluble BOD at SALR of 20 g/m 2 /day in one reactor while nitrification removal rates up to 0.83 g NH 3 -N/m 2 /day have been seen in the second stage of the MBBR treatment system.
Introduction
High rate biological fixed film treatment systems are commonly used to pre-treat high strength wastewater while the treated effluent is polished off to discharge standards in conventional activated sudge process reactors. Other applications for high rate fixed film systems are to apply the technology at existing treatment plants where existing conventional activated sludge systems are at or near treatment capacity. By using the Kaldnes MBBR™ treatment system for increasing the overall capacity of a treatment plant, any existing tankage can be retro-fitted or external tankage be used.
Due to increasing costs from an expensive chemical pre-treatment system and inconsistent results from the downstream activated sludge system, a beef slaughter house looked into replacing the chemical pre-treatment system with a biological pre-treatment step. Due to the harsh winters in Wisconsin a new biological treatment system required being housed in a building. After performing a pilot study on the raw wastewater with the MBBR treatment technology in February-May 1996, the results obtained were used to design the full scale pre-treatment system (Johnson et al., 1997) .
Phillips Petroleum's Borger wastewater treatment plant was near capacity and could not consistently nitrify the ammonia-nitrogen within the wastewater. This lack of nitrification was thought to be causing toxicity in it effluent discharged from the facility. The facility looked at incorporating the Kaldnes MBBR treatment process to help increase the organic removal capacity of the treatment facility and allow the existing activated sludge treatment reactors to completely nitrify the ammonia-nitrogen contained in the wastewater. Results obtained from a hybrid pilot study, incorporating a Kaldnes MBBR and an activated sludge reactor, performed in June-August 1997 were used for designing the full scale MBBR treatment system (Johnson et al., 1998) . This paper looks at the results obtained from these two full scale pre-treatment plants in their application in both a high and low strength industrial wastewater.
Moving bed biofilm reactors
The idea behind the patented Kaldnes MBBR process was to use continuously operating, non-clogging biofilm reactors with no need for backwashing or return sludge flows, low head-loss and high specific biofilm surface area. The process has been developed over the past 10 years for municipal and industrial wastewater treatment and is thoroughly described in the literature (Ødegaard et al., 1994; Rusten et al., 1992 Rusten et al., , 1994 Rusten et al., , 1995a . The core of the MBBR process is achieved by having biomass grow on small carrier elements that move along with the water in the reactor. The movement within a reactor is produced by coarsebubble aeration in aerobic applications and mechanical mixing in anoxic applications. The biofilm carrier elements are made of high density polyethylene and are shaped like small cylinder (10 mm in diameter by 7 mm in height) with a cross inside the cylinder and longitudinal fins on the outside. To keep the carrier elements in the reactor, a sieve assembly is placed at the outlet of the reactor.
Depending on the treatment required and strength of a given wastewater, the filling of carrier elements in a reactor can be decided for each case giving considerable flexibility in the specific biofilm surface ara. A maximum filling of 65%, based on empty bed reactor volume corresponds to a specific, potential growth area of biofilm of about 325 m 2 /m 3 (99 ft 2 /ft 3 ). The reactor volume is totally mixed and consequently there is no dead or unused space in the reactor. Different reactor shapes can be used and the MBBR process is ideal for upgrading of overloaded treatment plants or for converting unused tankage into biofilm reactors.
The Phillips Petroleum Borger treatment plant
The Borger facility placed the Kaldnes MBBR treatment system into an existing coagulator on site which was ahead of the existing activated sludge reactors. Specific design criteria and a flow diagram of the treatment facility are shown in Table 1 and Figure 1 , respectively.
The coagulator was retro-fitted with a coarse bubble aeration system and sieve assemblies to retain the media in the reactor. Upon start-up, 100% of the raw wastewater was fed to the Kaldnes MBBR and its effluent was then split between three conventional suspended growth activated sludge reactors. Effluent from the secondary clarifiers flowed to sand filters for final polishing prior to being discharged from the facility.
Start-up of the MBBR occurred at the end of March 1999 when the media, raw wastewater, phosphorus and return activated sludge were added to the reactor. The system was allowed to aerate as a batch process to acclimate and start the attachment of biomass to the media. After one week of introducing new raw wastewater and return activated sludge the system was allowed to treat 100% of the raw wastewater. Dramatic changes were seen in the downstream activated sludge reactors immediately after the switch over to the MBBR. Results presented below show how the existing activated sludge system was performing the three months prior to start up and three months after start-up.
Full scale plant results
Results obtained from the facility were averaged for each month of 1999 and are shown in Table 2 . Remembering the MBBR came on line at the end of March the results for April show how well the two stage biological system performed when ammonia-nitrogen concentrations averaged 1.1 mg/L for the month. Other parameters like COD and clarifier turbidity also showed a dramatic improvement after the system came on line. The average surface area loading rate, based on COD was 26.73 g COD/m 2 /day, while the system experienced a range between 10-51 g COD/m 2 /day but the percent removal has remained constant at 62%. The increase in loading is attributed to an increase in organic concentration from 272 mg/L to 380 mg/L and the average flow for the first three months of operation was 914 m 3 /hr or an 11% increase over the average design flow of 820 m 3 /hr. Figure 2 shows a graph of the 7 day average COD concentration profile through the treatment plant. The influent COD concentration fluctuates between 300-540 mg/L and until the MBBR system came on line, the effluent COD concentration ranged between 60-110 mg/L. After the MBBR system was pre-treating the wastewater the final effluent COD concentration slowly started decreasing to levels of 40-60 mg/L. This figure also shows how the majority of the COD is removed in the MBBR while the downstream activated sludge reactors polish off any spikes that may bleed through the MBBR. Due to higher than average flows to the treatment plant after the MBBR started up, organic loading to the treatment plant from April to June ranged from 4,545 kg/day to 10,454 kg/day. Even at the higher organic loading episodes the overall treatment efficiency of the facility increased. This is evident by seeing the amount of organic material discharged from the facility decrease from 1800 kg/day when the MBBR was not running to 900 kg/day after only six weeks of operation. Figure 3 shows the ammonia-nitrogen profile based in the influent and effluent samples taken daily and averaged over a seven day period. This graph shows large swings in influent ammonia-nitrogen concentration from 6-16 mg/L during the winter months while the effluent averaged 1-9 mg/L respectively. The temperature of the watewater during this time period was 25-30ºC. After the MBBR system started, the effluent ammonia-nitrogen concentration dropped from 4 mg/L down to 2 mg/L in two weeks time while the infuent concentration increased from 10 mg/L to 16 mg/L and the temperature remained steady at 31ºC. During the next two months, the effluent ammonia-nitrogen concentration averaged below 0.7 mg/L and even when a spike of 18 mg/L entered the system, the effluent only peaked out at 2 mg/L. The Valley Pride Pack wastewater treatment facility replaced a chemical pre-treatment system with a two stage Kaldnes MBBR pre-treatment system. The system was new construction and housed inside a building to insulate the reactors from the outside winter elements. Specific design criteria of the treatment facility is shown in Table 3 . Figure 4 shows a rough flow diagram of the treatment facility. Influent to the MBBR system is fed from an equalization basin receiving screened wastewater from a hydrosieve. Influent wastewater is fed at a constant flow rate from the EQ basin to the two stage MBBR system. Effluent from the second stage is fed to a retrofitted dissolved air flotation (DAF) unit, previously used in the chemical pre-treatment process. The goal is to remove as many solids generated from the biological destruction of the organic material in the MBBR prior to being fed to the activated sludge system. Due to flow restrictions, a percentage of the DAF effluent is sent to the activated sludge process while the remaining flow is sent back to the EQ basin to be blended with the raw wastewater.
Due to the dilution of the DAF effluent with the raw wastewater, the MBBR treatment system is treating a lower concentrated organic load than what it was designed for treating. The lower organic load to the system allows the second stage reactor to nitrify a portion of the ammonia-nitrogen contained within the wastewater.
The MBBR treatment system was commissioned in December 1998 and since the wastewater was so organic and easily degradable, a decision was made not to batch feed the reactors. Instead, wastewater was fed on a continuous basis to allow the bacteria within the waste stream to start degrading the organic material and start the attachment of biomass on the carrier elements once air was introduced to the reactors. Wastewater temperatures ranged between 15-20ºC during start up and biological activity was seen immediately. Results provided below are from two sampling sessions taken at the plant. The first session was during a week in January 1999 approximately four weeks after the system started and the second session was a two month performance test required by the contract which was conducted from April-May 1999.
Initial results from the first sample session showed the average soluble COD profile through the system was 1333 mg/L, 299 mg/L and 431 mg/L for the raw, reactor 1 and reactor 2 respectively. The increase in concentration from reactor 1 to reactor 2 was attributed to the addition of an anti-foaming agent into the second reactor. Converting to surface area loading rates, the first reactor was fed 21.8 g soluble COD/m 2 /day and had a remoal of 77.5%. Since the current organic loading rate to the system was half the original design, the majority of the organic material was being removed in the first reactor, this then allowed nitrification to take place in the second MBBR. An average ammonia-nitrogen profile through the system of this sample session was 135 mg/L, 53 mg/L and 6 mg/L for the raw, reactor 1 and reactor 2 samples respectively. These results show the considerable amount of nitrification occurring in the second reactor. Removal rates for the second reactor averaged 0.832 g NH 3 -N/m 2 /day.
After two months of operation a performance test was performed on the system. Sampling took place thre days per week on the raw feed to the MBBR system and effluents from each reactor. Analysis performed on these samples included total and soluble BOD and COD, ammonia-nitrogen and total suspended solids. Table 4 summarizes the results obtained from the performance test.
These results show an increase in soluble COD removal up to 86.5% from the 77% removal seen in the first sample study. Removal of soluble BOD within the first reactor averaged >90% for the samples taken during the performance test. Average surface area loading rates for soluble BOD were 20.9 g/m 2 /day or the original design of the full scale facility, however the design was also based on a removal percentage of 80%. Due to the use of the equalization basin the MBBR system is treating a diluted fraction made up of treated effluent and raw material. This decrease allows the MBBR to achieve organic removals in the first stage and nitrification to occur within the second stage. Figure 5 shows the surface area loading rates based on soluble COD to the first reactor in the two stage system. Greater than 86% of the soluble COD is removed while the load ranges between 20-45 g soluble COD/m 2 /day. A regression line is provided for this data to show that within the above loading range the system does not seem to be stressed and higher surface area loading rates could be achieved without a significant loss in treatment.
Conclusion
The new Kaldnes MBBR pre-treatment systems installed at the Phillips Petroleum Borger WWTP and Valley Pride Pack WWTP have been successfully operating at each location C.H. Johnson et al. since their commissioning in early 1999. Results have shown the MBBR treatment system increased the overall treatment efficiency of the Phillips Petroleum Borger WWTP by reducing organic discharges in half and indirectly increased the nitrification efficiency of a downstream activated sludge process. Operationally, the pre-treatment MBBR has shown to buffer the downstream systems of load and toxicity by allowing a stable effluent quality to exit the MBBR. 
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